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In this work, we studied the composition-dependent miscibility of polyamide 6 and 
biobased polyamide 4,10 (PA6/PA410) blends, as triggered by crystallization driven phase 
segregation. The blends were prepared by extrusion melt blending in a wide composition 
range and studied by Differential Scanning Calorimetry (DSC), X-ray diffraction (both in-
situ and ex-situ SAXS/WAXS), and Polarized Light Optical Microscopy (PLOM) during 
non-isothermal crystallization. The blends were found to be miscible in the amorphous state, 
as demonstrated by a single Tg that follows the Fox equation as a function of composition. 
The blends were also considered to be miscible in the melt, as no evidence of phase 
segregation was found by SAXS or phase contrast microscopy in the melt. The miscibility 
of the blends in the crystalline state is a strong function of composition. When only 10 or 20% 
PA6 is present in the blends, co-crystallization was evidenced by DSC and WAXS and the 
blends exhibited a single PA410 rich crystalline phase. On the other hand, as 30% or more 
PA6 is added to PA410, crystallization driven phase segregation occurs and progressively 
increased with PA6 content in the blends. Hence double crystalline blends are formed with 
both PA6 rich and PA410 rich crystalline phases. Clear evidence of either one or two 
crystalline phases was demonstrated by temperature-dependent measurements employing 
DSC, PLOM, WAXS and SAXS. Both the single and double crystalline PA6/PA410 blends 
exhibited good mechanical properties in view of the excellent compatibility displayed by the 
blends. The mechanical properties are in line with those exhibited by miscible blends 
following a simple rule of mixtures. 
 




Concern about the use of petrochemical polymers in the plastics industry has grown 
more intense over the last years, and efforts made towards their replacement with polymers 
derived from renewable resources are gaining strength. Bio-based polymers production 
capacity is expected to triple from 5.1 million tons in 2013 to 17 million tons in 2020 1. This 
is a result of a combination of factors including a growing concern for sustainable 
development together with a higher demand for sustainable products and the improved price-
performance characteristics of newly developed bioplastics resulting from recent 
technological improvements. 
Polyamides (PAs) or nylons have traditionally been used as fibres for the manufacture 
of fabrics, but nowadays they are used in a wide variety of applications from carpets 2 to 
injection moulded and extruded engineering parts 3. For example, polyamide 4,10 (PA410) 
is used in the automotive industry for the fabrication of engine and crankshaft covers. 
Polyamides are extensively used engineering thermoplastics, which represent a success in 
the polymer composites industry due to their excellent thermo-mechanical properties, and 
nowadays many different polyamide grades are commercially available, including various 
filler-reinforced materials. The replacement of traditional petrochemical polyamides with 
others obtained from renewable resources would result in the development of a range of 
environmentally more sustainable materials, which seems to be the trend in the near future 4-
7.  In this sense, PA blends of traditional and frequently used PAs, such as PA6 or PA66, with 
newly commercially available bio-PAs, either totally or partially derived from renewable 
resources, arise as a halfway solution and, therefore, the study of these blends is imperative. 
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Melt blending is the preferred method in the industry for the fabrication of polymeric 
products, because it is solvent-free, fast, and does not require specific equipment 8. It is a 
well-established and cost-effective technique widely used in the plastics industry. Literature 
concerning polyamide blends focuses largely on PA6 blended with PP 9-11, ABS 12-14, PE 15-
17, PA66 18, PET 19 , long chain polyamides (LCPAs) 20 and different rubbers 21-22, the 
majority of which are immiscible systems. Polyamide-polyamide blend literature consists 
primarily of studies on aliphatic/aromatic polyamide blends 23-29, whereas little work has 
been reported on aliphatic/aliphatic blends 2, 6-7, 30-32. In addition, few works have been 
reported on bio-based polymer blends for durable high-performance applications 33-37, while 
studies concerning biodegradable polymer blends for either biomedical or packaging 
applications are numerous 33, 38-46. 
Miscibility is an important issue to be considered for polymer blends. The melting point 
depression and the presence of only one glass transition temperature are the most important 
evidence that suggests blends are miscible. Miscible polymer blends are rare because the 
long-range order of polymer chains limits the entropy of mixing to small values. Even though 
the enthalpy of mixing is also usually a small value, it can be enough to cause a positive free 
energy of mixing, meaning that mixing is not thermodynamically spontaneous. Therefore, 
most polymers stay phase-separated when physically mixed. Most of the self-associated 
polyamide blends are immiscible 6,7. At the same time, transamidation happens at high 
temperature 20, which can improve miscibility, due to the formation of a copolymer at the 
interphase. For very small or negative enthalpies of mixing, the polymer mixture is miscible. 
It is well known that the typically coarse morphology of immiscible blends usually results in 
undesirable physical properties. Indeed, research on polymer blending has been devoted, to 
6 
 
a large extent, to study the effects of the addition of different compatibilization agents and 
the use of new blending techniques on the properties and morphology of immiscible blends 
9, 12-14, 33, 35, 47-54. Obviously, if compatibilization is not needed, blending becomes faster and 
more cost-effective. Thus, miscible polymer blends are highly interesting from an industrial 
point of view. Miscible aliphatic polyamide blends are rare, but do exist and include 
(PA48/PA66) 30, (PA66/PA6) 32, 55, (PA410/PA610) 3 and (PA11/PA610) 2. It is worth noting 
that the average number of methylene units between amide groups is very similar for these 
known miscible blends. 
In a previous work 56, PA410 was melt mixed with up to 25% of PA6, and evidences 
of miscibility between both polyamides were observed. On the one hand, all the blends 
showed single glass transition temperatures, which were well predicted by the Fox equation 
for miscible blends, thus indicating full miscibility in the amorphous phase over the 
composition range studied. On the other hand, DSC results pointed to possible mixed 
crystalline phases and co-crystallization of both PAs in the blends, at least in the range 
studied. So far, very few semicrystalline polymers are known to be miscible with one another 
(forming double crystalline polymer blends), and the resulting blends exhibit remarkable 
kinetic and structural properties 57. 
The objective of this work is to study the miscibility, structure and physical properties 
of novel aliphatic semicrystalline polyamide blends, namely PA410, which is derived from 
renewable castor oil, and PA6, whose origin is petrochemical, over the whole range of 






Two types of polyamides (PA), namely PA410 (EcoPaXX® Q150-D), provided by 
DSM (Genk, Belgium) and PA6 (Durethan® B30S), provided by Lanxess (Cologne, 
Germany), were used. PA410 was melt blended with PA6 at PA6/PA410 wt % ratio of 0/100, 
10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, 90/10 and 100/0. To avoid moisture-
induced degradation reactions, both PA410 and PA6 were dried in a dry air dehumidifier 
(Wittmann Drymax, Kottingbrunn, Austria) for 48-72 h at 80 °C. The PA6/PA410 blends 
were obtained by melt-mixing using a Collin ZK 25T SCD 15 Teach-Line co-rotating twin 
screw extruder-kneader (Ebersberg, Bavaria, Germany) at 260 °C with a screw rotation speed 
of 200 rpm. The diameter and length-to-diameter ratio of the screws were 25 mm and 18, 
respectively. 
The extrudates were cooled in a water bath, pelletized, and dried again. Subsequent 
injection moulding of dried pellets was carried out in a Battenfeld PLUS 350/75 reciprocating 
screw injection moulding machine (Kottingbrunn, Austria) with a press closing force of 350 
kN to obtain tensile (ASTM D-638, type IV, thickness: 2 mm) and impact (ASTM D-256, 
thickness: 3.2 mm) specimens. The screw of the plasticization unit had a 25 mm diameter 
and a 14 L/D ratio. The melt and mould temperatures were 260 °C and 85 °C, respectively. 
The injection speed, pressure-holding time and cooling time were 42 cm3/s, 3 s and 15 s, 







Differential Scanning Calorimetry (DSC). Thermal properties of the blends were 
studied by DSC using a Perkin-Elmer DSC 8500 calorimeter under a nitrogen atmosphere 
(with a flow of 20 ml/min) and calibrated against an indium standard. Approximately 5 mg 
of sample was loaded into aluminium pans and sealed. Samples were vacuum dried at 80 ºC 
overnight. Samples were heated from room temperature to 280 °C (at least 30 °C above their 
melting temperatures) and held at this temperature for 3 min to erase thermal history. They 
were then cooled to 100 °C and reheated again to 280 ºC. Measurements were done at 20 
°C/min and the melting temperature Tm was determined as the temperature of the main peak 
in the second DSC scan. 
Small-Angle/Wide-Angle X-Ray Scattering (SAXS/WAXS) Measurements at Room 
Temperature. SAXS and WAXS samples with a 0.5 mm thickness were prepared by 
compression moulding at 290 °C and then cooled down to room temperature at a 20 °C/min 
rate. SAXS and WAXS were performed under vacuum at 25 °C on rectangular bars using a 
Xeuss 2.0 SAXS/WAXS system (Xenocs SA, France). Cu K-α radiation (GeniX3D Cu ULD, 
λ = 1.54 Å) was generated at 50 kV and 0.6 mA. A semiconductor detector (Pilatus 300K, 
DECTRIS, Switzerland) with a 487 × 619 pixel resolution was used to collect the scattering 
signals. Each sample was irradiated for 20 min. All data were corrected by background and 
empty beam scattering. 
Simultaneous SAXS/WAXS Synchrotron Measurements. The structural evolution 
during heating and cooling was followed in-situ by WAXS and SAXS using synchrotron 
radiation at beamline BL11-NCD at the ALBA Synchrotron radiation facility in Cerdanyola 
del Vallés, Barcelona, Spain. The samples were placed in a Linkam THMS-600 stage 
coupled with a liquid nitrogen cooling system. Samples were cooled from the melt (280 ºC) 
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to 100 ºC  at a 20 ºC/min rate and then heated up to 280 ºC at 20 ºC/min. WAXS/SAXS scans 
were taken periodically (every 30 seconds) during the heating and cooling run. The energy 
of the X-ray source was 12.4 keV (λ = 1.0 Å). In the WAXS configuration, a Rayonix LX255-
HS sample detector with a 230.4×76.8 mm2 active area, a 44 μm2 pixel size, and a 15.5 mm 
distance with a tilt angle of 27.3° was used. In the SAXS configuration, the sample detector 
(Pilatus 1M) had an 168.7×179.4 mm2 activated image area, a 981×1043 total number of 
pixels, a 172×172 µm2 pixels size, a 25 frames/sec rate, and a 6463 mm distance. The 
scattering vector was calibrated using silver behenate and chromium (III) oxide for SAXS 
and WAXS experiments, respectively.  
Dynamic Mechanical Thermal Analysis (DMTA). The phase behaviour was studied 
by DMA using a TA Q800 viscoelastometer, which produced the loss tangent (tan δ) as a 
function of temperature plots. Scans were carried out in single cantilever bending mode at a 
constant heating rate of 4 °C/min and a frequency of 1 Hz, from -100 °C to 150 °C. 
Density. Density measurements were performed by the displacement method using a 
Mirage SD-120L electronic densitometer and n-butanol as immersion liquid. For each 
reported value, two impact specimens were weighed and the temperature of the immersion 
liquid was determined with a precision of 0.1 °C. 
Birefringence. The global orientation of the materials was measured by means of 
birefringence, which was determined in a Metricon 2010 prism coupler equipped with an 
infrared laser operating at a wavelength of 1550 nm. The measurements were carried out at 
three points on the surface of the central part in tensile specimens, which were cut with a 
Leica 1600 microtome. 
Mechanical Properties. Tensile tests were carried out in an Instron 5569 tensile tester 
(Instron, Norwood, MA, USA). Young’s modulus was determined by means of an 
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extensometer at a crosshead speed of 1 mm/min. Tensile strength (σt) and ductility, measured 
as the breaking strain (εb), were determined from the load-displacement curves at a crosshead 
speed of 10 mm/min. A minimum of five tensile specimens were tested for each reported 
value. Impact tests (ASTM D-256) were carried out using a Ceast pendulum on injection 
moulded specimens with a cross section of 12.7 x 3.2 mm. The notches (depth: 2.54 mm, 
radius: 0.25 mm) were machined after moulding. A minimum of eight specimens were tested 
for each reported value. 
 
RESULTS AND DISCUSSION  
Differential Scanning Calorimetry (DSC) 
DSC scans of the neat polyamides and the PA6/PA410 blends are shown in Figure 1. 
Neat PA410 crystallizes and melts at higher temperatures than neat PA6. The DSC cooling 
scans are presented in Figure 1a with close ups of certain blend compositions in Figure 1b. 
Samples in Figure 1a and 1b were cooled from the melt at 20 °C/min. For each blend, two 
sets of DSC curves are presented. The curves plotted in thin black lines correspond to 
“unmixed blends”. These curves are the weighted average DSC traces of the homopolymer 
and represent the DSC curves that would be obtained if there were no interactions between 
the blend components. It can be appreciated that these “unmixed” blends traces are quite 
different from the DSC cooling scans of the real melt mixed blends.  
The 10/90 and 20/80 PA6/PA410 blends exhibit a single crystallization temperature, 
Tc1, which corresponds to the crystallization of the PA410 rich phase, as judged by 
comparison with the “unmixed blends” DSC scans. The blends with 70 wt % PA410 or less 
showed two separate crystallization peaks, of which the higher temperature one corresponds 
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to the PA410 rich (Tc1) and the lower temperature one (Tc2), to the PA6 rich phase 
crystallization.  
In the close up presented in Figure 1b, the total absence of the PA6 rich phase 
crystallization for the 10/90 and 20/80 PA6/PA410 blends can be appreciated, especially 
when the cooling DSC scans are compared with those of the unmixed blends. The 
crystallization of the PA410 rich phase in Figure 1b is always observed with a very clear 
exothermic peak that appears at temperatures lower than those in the “unmixed blends”.  
The crystallization of the PA6 rich phase is very clear in Figure 1a for blends with 90 
to 50 % PA6 content. Figure 1b shows that when the content of PA6 falls below 50%, the 
PA6 rich phase crystallization is more subtle. For the 40/60 PA6/PA410 blend, a broad 
exothermic peak at around 185 ºC can be observed in contrast with the sharp expected peak 
illustrated by the unmixed 40/60 PA6/PA410 blend (see Figure 1b). For the 30/70 
PA6/PA410 blend, the crystallization of the PA6 rich phase is even more difficult to see with 
the employed scale, as it is very broad and exhibits a much smaller crystallization enthalpy 
in comparison with the unmixed blend. For the 20/80 and 10/90 PA6/PA410 blends, no 
crystallization of the PA6 rich phase could be detected, in contrast with the sharp exothermic 
signals present in the unmixed blends at around 183 ºC. 
Figures 1c and 1d show the subsequent heating DSC scans after the cooling runs 
presented in Figures 1a and 1b. The melting data is consistent with the presence of a single 
crystalline phase formed by the PA410 rich phase (with possible PA6 chains incorporated 
inside the PA410 crystals) for the case of the 10/90 and 20/80 PA6/PA410 blends. The 
corresponding unmixed blends show that bimodal melting could have been observed, if the 
PA6 phase would have crystallized. For the blends containing 70 wt% PA410 or less, two 
melting points associated with the PA410 rich and the PA6 rich phases can be clearly 
12 
 
observed (Figure 1c). However, comparing with the unmixed blends, Figure 1d qualitatively 
shows (as will be also quantitatively demonstrated in Table 2 below) that the amount of PA6 
rich crystals that melt in the melt mixed blends is lower than the value theoretically expected 
for the 30/70 and the 40/60 PA6/PA410 blends (as indicated by the comparison with the 
unmixed blends melting curves).  
 













































































































Figure 1. DSC scans of PA6/PA410 blends (a,b) cooling runs (c,d) 2nd heating runs at 20 
ºC/min rate. The blend composition (wt. %) is indicated by the numbers above the curves. 
Taking into account the results of Figure 1, we realize that as PA6 is added to PA410, 
first a single crystalline phase (where both chains most probably co-crystallize, see also 
WAXS evidence presented below) is formed (i.e., 10/90 and 20/80 PA6/PA410 blends) and 
then for 30 and 40% of PA6, phase separation occurs during crystallization, but still part of 
the PA6 chains co-crystallize with PA410, depleting the amount of the PA6 rich phase that 
can crystallize and melt at lower temperatures. Finally, with addition of 50% of PA6 or more 
to PA410, the phase segregation during crystallization is more extensive, as the enhalpies of 
crystallization and fusion approach the values displayed by the unmixed blends. Table 1 
specifies the data from the cooling and the second heating scans of the non-isothermal DSC 




Table 1. Data extracted from the cooling and second heating scan of the non-isothermal 





















0/100 225.0 53 - -  248.3 59 - - 
10/90 223.5 51 - -  246.4 57 - - 
20/80 223.5 49 - -  246.4 55 - - 
30/70 223.5 45 183.1 5  246.4 44 216.7 4 
40/60 222.6 40 186.1 10  246.4 38 216.7 8 
50/50 221.1 32 188.9 18  244.9 31 216.7 15 
60/40 219.8 25 189.1 24  244.9 24 216.7 20 
70/30 219.8 15 190.1 29  243.9 15 216.7 27 
80/20 218.5 9 190.1 35  243.1 9 216.7 32 
90/10 213.4 4 190.2 48  240.6 3 216.7 42 
100/0 - - 182.9 54  - - 220.0 48 
* Subscript 1 indicates PA410 rich phase and subscript 2 indicates PA6 rich phase. 
The DSC cooling runs in Figure 1 showed that the two neat polyamides crystallized 
in different, well-separated temperature regimes. According to Figure 2a, Tc1 values (the Tc 
of neat PA410 and PA410 rich phase in the blends) progressively shift to lower temperatures 
as the PA6 content increases. On the other hand, the crystallization temperature of the PA6 
rich phase (Tc2) of the blends increases when 10% PA410 is added and then gradually 
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decreased. This is caused by a nucleation effect of the PA410 rich phase crystals on the PA6 
rich phase crystals.   
Figure 2b shows that the Tm1 value (corresponding to the PA410 rich phase crystals) 
of the blends decreases with increasing PA6 content. A large part of the PA6 component in 
the blends is molten at the temperatures at which the PA410 rich phase crystals melt and this 
probably causes a diluent effect that depresses the melting point of these crystals 58. On the 
other hand, all the PA6 rich phase crystals in the blends exhibit a constant melting point that 
is a few degrees lower than the Tm of neat PA6. The shaded region in Figures 2a and 2b 
indicate the blends that contain only one type of crystals for those compositions, i.e., the 
PA410 rich phase crystals (or co-crystals of PA410 with some PA6 chains). 
Figure 2b also shows the glass transition temperature (Tg) values obtained by DMTA 
for all the PA6/PA410 blend compositions. As can be seen, all compositions show a single 
glass transition temperature, which is the usual criterion to deduce miscibility in the 
amorphous phase 25, 60-65. Moreover, the values are intermediate between those of the neat 
components, decreasing linearly as the PA6 content increased and thus, following the Fox 
equation for miscible blends 66. For this kind of self-associated polyamide blends, usually, 
transamidation improves the miscibility between blend components in the melt and in the 
amorphous state. Similar results have been obtained for PA6/PA6I-co-T (PA6/ semiaromatic 
amorphous polyamide)blends 25, 60-62. 
In Figure 2c, the enthalpy of fusion, ΔHm, obtained from the area under the melting 
peaks of the DSC curves in Figure 1b, is plotted versus composition. ΔHm1 and ΔHm2 values 
are normalized values with respect to the content of PA410 and PA6 in the blends, 
respectively. ΔHtotal values of the blends are calculated using ΔHtotal = ΔHm1+ΔHm2 and they 
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are lower than those of neat PAs. As shown in Figure 2c, both ΔHm1 and ΔHm2 decreased as 
the second component in the blend increases.  
The results presented in Figures 1 and 2 show that only PA410 rich phase crystals are 
formed up to a certain composition (i.e., 20% PA6), beyond which phase segregation during 
crystallization is triggered and two crystalline phases are formed by the blend (i.e., a PA410 
rich crystalline phase and a PA6 rich crystalline phase). We assume that the blends are 
forming a single phase in the melt. This is a reasonable assumption, as the blends are miscible 
in the amorphous state, as indicated by their single Tg over the entire composition range. On 
the other hand, SAXS data collected in the molten state do not show any scattering signal 
that could indicate the presence of two phases. Either the blends form a single phase in the 
melt, or the scattering contrast is too weak to show differences between the phases. 
Furthermore, phase contrast microscopy experiments in the melt (not shown here) indicate a 
homogeneous melt within the microscopic scale of the observation of the optical microscope. 
SEM observations were also made in cryogenically fractured specimens and there were no 
evidences of phase segregation in the obtained morphology. It is possible that the contrast 
between the two phases is not enough to reveal any difference between the phases, but we 






















      










































PA6 content (wt. %)  
Figure 2. (a) Crystallization temperature Tc; (b) Melting temperature Tm and glass 
transition temperature Tg; (c) Melting enthalpy ΔHm for the indicated samples, as a 
function of composition. The shadowed region denotes the blends that form a single 
crystalline phase (i.e., a PA410 rich crystalline phase). 
18 
 
In summary, the 10/90 and 20/80 PA6/PA410 blends form a single PA410 rich 
crystalline phase, with unique Tc and Tm values. For blends with 30 % PA6 or more, 
crystallization driven phase segregation occurs, and the blends become double crystalline 
with coexisting PA410 rich and PA6 rich crystalline phases. The amorphous phase is always 
miscible, as a single Tg is observed in the entire composition range.  
The contribution of each polyamide component within the crystalline phase of the 
other component was roughly estimated by normalization of the experimental ΔHm values, 
using their weight fraction and by comparing these experimental values with the expected 
theoretical ones (i.e., using a simple rule of mixtures). We have calculated the incorporation 
of PA6 chains inside the PA410 crystals in this way, as an approximation. 
As can be seen in Table 2, by increasing the PA6 content in the blend, the 
incorporation of PA6 chains in the crystalline phase of PA410 decreased. For instance, the 
incorporation of PA6 chains within the PA410 rich crystalline phase is about 83% for the 
blend with 10% PA6, whereas it decreased to 4% for the blend with 50% PA6. Higher 
amounts of PA6 (more than 50%) seems to facilitate phase separation and prevent the 
incorporation of any significant amount of PA6 chains within the PA410 rich crystalline 
phase; as judged by the changes in enthalpy of melting. This behavior can be rationalized by 
looking at Figure 2c where the enthalpies of melting are plotted. The normalized enthalpy of 
melting for the PA410 rich crystalline phase (i.e., ∆Hm1) has a positive deviation from a linear 
rule of mixtures for those blends rich in PA410 and the highest positive deviations are 
observed for the 10/90 and 20/80 PA6/PA410 compositions (where a single crystalline phase 
was formed, as indicated by the shadowed region in the figure). As expected, the normalized 
enthalpy of melting for the PA6 rich crystalline phase (i.e., ∆Hm2) exhibits a negative 
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deviation from a linear rule of mixtures, as PA6 chains tend to be incorporated within the 
PA410 rich crystalline phase, therefore depleting the amount of PA6 rich crystalline phase. 
 
Table 2. Incorporation of PA6 in PA410 crystals calculated by using the changes in enthalpies 













0 59 0 59 0 - 
10 53 4.8 57 0 83 
20 47 10 55 0 80 
30 41 14 44 4 21 
40 35 19 38 8 16 
50 30 24 31 15 4 
60 24 29 24 20 0 
70 18 34 15 27 0 
80 12 38 9 32 0 
90 6 43 3 42 0 
100 0 48 0 48 - 









Polarized Light Optical Microscopy (PLOM) 
PLOM was used to visually study blend morphology and detect differences in the 
spherulites morphology of the samples. PLOM images were recorded after non-isothermal 
crystallization from the melt (see Figure SI-1). Both neat PA410 and PA6 exhibit a 
microspherulitic morphology that prevented any measurement of growth rates as the 
nucleation density was always too large. However, we were able to detect the presence of 
one or two crystalline phases by the changes experienced by the birefringence during 
crystallization. 
Figures 3a and 3b show PLOM micrographs of the 20/80 PA6/PA410 blend that 
forms a single crystalline phase (corresponding to a PA410 rich crystalline phase), according 
to the DSC results (see Figure 1). The microspherulitic texture was seen forming at 230 ºC 
(a temperature at which the PA6 chains are in the melt or co-crystallizing with PA410), 
further cooling caused no significant changes in the morphology, as seen in the micrograph 
taken after the sample was cooled to 180 ºC and kept at that temperature for 5 min.  
On the other hand, the mirror composition sample, i.e., 80/20 PA6/PA410 blend, is 
capable of forming two crystalline phases upon cooling from the melt according to Figure 1. 
This is corroborated in Figures 3c and 3d, where PLOM micrographs are shown. First, the 
sample was cooled from the melt and crystallized at 230 ºC for 5 min, durig which the PA410 
rich crystalline phase formed microscopic spherulites. Then, the sample was cooled to 180 
ºC and kept at that temperature during 5 min, during which the PA6 rich crystalline phase 
was formed. The obvious change in birefringence between Figure 3c and 3d is a strong 






(a) 20/80 (after 5 min at 230 °C)                            (b) 20/80 (after 5 min at 180 °C) 
 
                  
                                                 
 
(c) 80/20 (after 5 min at 230 °C)                         (d) 80/20 (after 5 min at 180 °C) 
 
                
 
 
Figure 3. PLOM micrographs for: (a) the 20/80 PA6/PA410 blend after it was first melted 
at 270 ºC/min to erase thermal history and then quenched to 230 ºC, where it was allowed to 
crystallize for 5 min; (b) same sample as in (a) after it was quenched to 180 ºC and kept at 
that temperature for 5 min; (c) the 80/20 PA6/PA410 blend after it was first melted at 270 
ºC/min to erase thermal history and then quenched to 230 ºC, where it was allowed to 
crystallize for 5 min; (d) same sample as in (c) after it was quenched to 180 ºC and kept at 
that temperature for 5 min. 
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SAXS and WAXS Study at Room Temperature 
Figure 4a shows the results from Wide-Angle X-ray Scattering (WAXS) of neat PA6, 
neat PA410, and their blends. Neat PA6 shows two characteristic peaks at q1 = 14.22 and 
q2=16.77 nm-1, which are assigned to the (200) and (002/220) plane reflections of the α-form 
59, which has a monoclinic unit cell with a = 0.956 nm, b = 1.724 nm (chain axis), c = 0.801 
nm, β = 67.5º. PA410 shows two well defined intense peaks located at q1 = 14.30 and q2 = 
16.70 nm-1 (allocated to the (100) and (010/110) plane reflections) and a small peak at 4.04 
nm-1 assigned to (001) plane. The unit cell parameters of PA410 are: a = 0.490 nm, b = 0.532 
nm, c = 1.98 nm (chain axis), α = 49º, β = 77º and γ = 63º 63 (note that the definition of chain 
axis are different for the two polymers). The most intense crystalline reflections overlap and 
make the distinction between the two types of crystals very difficult. Figure 4b shows the d-
spacing evaluated from the peak positions of the WAXS patterns for these blend samples. 
The d-spacings barely showed any change with composition. Although the two main 
reflection peaks of polyamides are overlapped, it is possible to detect the presence of PA410 
crystals in the blends through a small peak at q = 4.04 nm-1 which corresponds to the (001) 
plane. 
A clear difference between the two polyamides is the intensity ratio of the two main 
peaks: Iq1 / Iq2. For PA6 and PA410, the intensity ratios are 1.15 and 2.73, respectively. 
Figure SI-2 shows an example of the extraction method used to calculate the intensity ratio 
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Figure 4. (a) WAXS patterns of all PA6/PA410 blend samples at room temperature. (b) 
d-spacing changes versus PA6 content. (c) Changes in intensity ratio of the two main 
peaks, q1 and q2, in PA6/PA410 blends versus PA6 content. The shadowed region denotes 
the blends that form a single crystalline phase (i.e., a PA410 rich crystalline phase). 
 
The ratio of these peaks versus PA6 content is plotted in Figure 4c. If the blend 
samples followed a simple mixing rule without any change of each individual component, 
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the intensity ratio of these peaks would be an average of the two peaks based on their weight 
contribution (black line in Figure 4c). However, it can be seen that the experimental data 
(pink pentagons in Figure 4c) showed a positive deviation from a simple rule of mixtures for 
compositions with less than 50 % PA6. 
As mentioned in the DSC section, the blend samples with less than 50% PA6 showed 
calorimetric signs of incorporation of PA6 chains into the PA410 rich phase crystals (see 
Table 2). These changes in the intensity ratio of the two main peaks with the composition are 
additional evidence of the incorporation of PA6 chains in the PA410 rich crystal phase for 
blends with less than 50 % PA6. In particular, the maximum positive deviation from a rule 
of mixtures is observed for the two blends (i.e., the 10/90 and 20/80 PA6/PA410 blends) that 
contain only a single crystalline phase as evidenced by DSC (a PA410 rich crystalline phase); 
they are highlighted by the shaded region in Figure 4c. 
SAXS patterns of neat polyamides and all blend samples at 25 ºC are shown in Figure 
5a. Surprisingly, all samples exhibited a single peak that can be interpreted as the scattering 
caused by lamellar stacks, and the long periods (Lp) were estimated from the qmax values after 
Lorentz correction by Equation 1. 
𝐿𝐿𝑝𝑝 =  
2𝜋𝜋
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
         Eq (1) 
SAXS patterns in Figure 5a exhibited a single peak corresponding to lamellar packing 
of about 7.5-10.0 nm depending on blend composition. Figure 5b presents the changes in the 
long period (Lp) as a function of PA6 content. In the 0-60% PA6 range, Lp first increased 
then remained constant when adding PA6. In intermediate compositions, the sample is 
expected to have a multiphasic microstructure containing crystalline PA6 rich lamellae, 
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crystalline PA410 rich lamellae and amorphous phase. The electron density of the crystalline 
phase of PA6 and PA410 can be estimated by the density of unit cells, which is 1.23 g/cm3 
for PA6 and 1.22 g/cm3 for PA410. A simple calculation indicates that the electron density 
of the crystalline phase for PA6 and PA410 is coincidenctly the same (406 e/nm3). Therefore, 
there is no scattering contrast between the crystalline PA410 and PA6 phase. 
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Figure 5. (a) SAXS diffraction patterns of neat PA410, neat PA6, and PA6/PA410 blends 
registered at 25 ºC. Inserted numbers indicate PA6/PA410 wt. %. (b) Changes in long period 




The single peak in SAXS curves can be explained as the average period of the 
lamellar packing in the samples. The change of Lp with composition may indicate the 
existance of two types of microstructures. For example, in the PA410-rich region (left side 
of Figure 5b), it is possible that the uncrystallized PA6 is mainly incorporated in the 
interlamellar amorphous region of PA410 except for a the fraction that is included in the 
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crystalline phase (see Table 2). This will result in a thicker amorphous layer and therefore a 
thicker long period. On the other hand, in the PA6 rich region, the long period changed little 
possibly because of the strong tendency of crystallization driven phase separation. 
 
In-situ WAXS and SAXS 
In-situ non-isothermal crystallization experiments were carried out for four selected 
compositions using synchrotron radiation. Selected WAXS patterns of the 60/40 PA6/PA410 
blend during cooling and heating are shown in Figure 6a and 6b, respectively. The intensity 
of the crystalline reflections increased with decreasing temperature. WAXS patterns during 
the cooling and heating of neat PA6, neat PA410, and 20/80 blends are shown in Figure SI-
3.  
Figure 6c shows the changes in the intensity ratios of the two main reflections of polyamides 
(Iq1/Iq2) as a function of temperature during the cooling run for selected samples. Here, we 
studied the neat polyamides, the 20/80 composition (which shows the incorporation of PA6 
chains within the PA410 rich crystalline phase), and the 60/40 composition (which shows 
two separate crystalline structures). In the case of 60/40 blend (green line), where a total 
crystalline phase separation occurs, the intensity ratio jumps to lower values at the 
temperature at which PA6 starts crystallizing. Therefore, both types of crystalline phases can 
form separately in the 60/40 composition (i.e., a PA6 rich crystalline phase and a PA410 rich 
crystalline phase), as phase segregation is driven by crystallization. However, the sample 
with 20% PA6 did not show (see Figure 6c) any abrupt change in the temperature range 
where the PA6 rich phase typically crystallizes in the blends (indicating co-crystallization of 































       
































































Figure 6. In-situ WAXS patterns of the 60/40 PA6/PA410 blend during the cooling (a) and 
heating (b) process at the indicated temperatures. Data extracted from WAXS scattering 
during cooling run at a 20 ºC/min cooling rate for the indicated samples (c). 
In-situ SAXS measurements were also carried out during non-isothermal 
crystallization experiments for the four selected compositions using synchrotron radiation to 
further understand the morphology of the blends. As an example, Figure 7a show the 
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temperature-dependent SAXS patterns measured for the 60/40 PA6/PA410 blend during the 
cooling from the melt at 20 ºC/min cooling rate. The SAXS patterns during heating the 60/40 
PA6/PA410 blend (Figure SI-4 g), as well as the SAXS patterns during heating and cooling 
for for the other 3 samples are shown in Figure SI-4 a-f. 
 



















































Figure 7. In-situ SAXS diffraction patterns of 60/40 PA6/PA410 registered during (a) the 
cooling run (from 280 ºC to 100 ºC) and (b) the long period of several samples during 
cooling as a function of temperature. 
 
DSC results confirmed (Figures 1 and 2) that the 60/40 PA6/PA410 blend showed 
two separate values of Tm and Tc. Figure 7a shows that no SAXS signal can be seen in the 
melt and a single peak appears during cooling. The long period value of the four samples as 
a function of temperature during cooling and heating are plotted in Figure 7b and Figure SI-
5, respectively. Interestingly, the 20/80 PA6/PA410 sample shows very similar long period 
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values to the neat PA410. However, the 60/40 PA6/PA410 shows a two-step change during 
cooling which agrees well with the separate crystallization of the two components. 
In summary, both in situ WAXS (Figure 6) and SAXS (Figure 7) were able to show 
the formation of one (for the 20/80 PA6/PA410 blend) or two crystalline phases (for the 
60/40 PA6/PA410 blend) upon cooling from the melt depending on the blend composition. 
The results agree well with those obtained by DSC (Figure 1 and Table 2). 
 
Mechanical properties  
Table 3 shows the tensile and impact properties of PA6/PA410 blends over the whole 
range of compositions. Figures 8a-d show, respectively, the Young’s modulus, tensile 
strength, ductility and impact strength of the blends versus the PA6 content. 
As can be seen in Figure 8a, Young’s modulus shows a slight synergistic behaviour 
over the whole range of compositions, as it remained unchanged with respect to that of the 
component with the higher value (PA410) up to the 70/30 PA6/PA410 composition (when 
standard deviations are considered), and decreased linearly at higher PA6 contents. Positive 
deviations in the modulus-composition relationship have often been observed in polymer 
blends. Although more common in miscible systems 67, partially miscible 67 and even 
immiscible blends have shown modulus synergism, when, for example, variations in 
orientation or crystallinity occur. As is well known, the basic condition for this behaviour is 
the compatibility between components, which is obviously assured in the case of the 




Table 3. Young’s modulus, tensile strength, ductility and impact strength values of 
PA6/PA410 blends. 
PA6/PA410 Young’s modulus (MPa) 
Tensile strength 
(MPa) 




0/100 2860±60 81.6±0.3 41±11 35±1 
10/90 2940±50 81.1±0.8 40±10 33±2 
20/80 2930±40 79.7±1.1 37±27 33±1 
30/70 2890±50 75.1±0.9 80±30 33±2 
40/60 2950±40 72.4±2.2 96±30 31±5 
50/50 2930±40 73.4±2.5 129±51 33±2 
60/40 2920±160 75.9±4.9 64±63 33±4 
70/30 2800±180 72.7±5.9 118±75 36±1 
80/20 2690±30 71.8±1.0 129±73 36±1 
90/10 2610±30 70.0±0.7 108±66 41±2 
100/0 2500±10 67.0±1.8 157±42 44±2 
 
According to literature, there are three factors that can be different in the neat 
components and in the blends and, therefore, influence the Young’s modulus: crystallinity 
68-69, free volume 68-69 and orientation 68. As discussed in previous sections, the blends showed 
crystalline contents below the linearity between the pure polyamides, showing a negative 
deviation from the rule of mixtures (Figure 2c). Therefore, this cannot be the cause of the 
observed positive modulus behaviour.  
Possible blending-induced changes of the free volume were studied by means of 
density measurements. Figure SI-6 shows the density values of PA6/PA410 blends. As can 
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be observed, the blends showed values that are intermediate between those of the pure 
components, with a slight positive deviation from the simple additivity rule. Similar results 
have been observed in several other works 68-73. In this case, the 50/50 PA6/PA410 
composition, for instance, shows a positive deviation of 0.002 g/cm3 with respect to linearity 
(i.e., a 0.20 % increase). The same composition shows a positive deviation in the Young’s 
modulus of 256 MPa (9.6 %). Vallejo and coworkers 69 observed comparable variations in 
specific volume and modulus for miscible PEI/PBT blends. In fact, they attributed the 
modulus behaviour to the changes observed in the specific volume of the blends.  
A possible change in the level of orientation of the blends with respect to the pure 
components was studied by means of birefringence measurements. Although the standard 
deviation and dispersion of the data obtained was high, a positive average deviation of 68% 
in birefringence was observed for all the compositions.  
It is widely known that the level of orientation can affect the Young’s modulus 
behaviour 68, 70. As a consequence, injection moulded materials tend to show higher moduli 
than, for instance, compression moulded materials, as the former are usually more oriented 
68, 70 and this, along with density, contributes to the positive deviation of modulus. 
32 
 























































































Figure 8. Young’s modulus (a), yield stress (b), strain at break (c), and impact strength (d) 
of PA6/PA410 blends versus PA6 content. 
 
These results point to the Young’s modulus behaviour being affected by both the 
aforementioned negative deviation in the volume of mixing and the changes in the level of 
orientation in the blends with respect to the neat components. However, it seems that the 
contribution of the former to Young’s modulus is stronger than that of the latter, as the 
tendency observed in birefringence does not exactly fit that of the Young’s modulus. 
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Figure 8b shows the yield stress values of the blends, which correspond to the tensile 
strength values in all cases. As can be seen, this parameter decreased as the concentration of 
PA6 in the blend increased, showing a performance close to linearity between the neat 
components. In previous works, it has been observed that the yield stress usually follows the 
same tendency as the Young’s modulus 68-69. However, examples of miscible systems in 
which the positive deviation observed in the Young’s modulus is not reproduced in the yield 
stress 64 (and vice versa 70) are also available in literature. As a matter of fact, miscible blends 
usually show a mechanical performance that is intermediate between that of the neat 
components, as a consequence of the dispersion of the components at a molecular scale 68. 
Figure 8c shows the strain at break values of the PA6/PA410 blends versus the PA6 
content. As can be observed, all the compositions maintained the ductile nature of both neat 
components and values increased uniformly as the PA6 content increased, following the rule 
of mixtures. Although positive 65, 71-72, 74 and negative 67, 75 deviations have also been 
observed in literature, this is the usual behaviour in miscible blends 68, 76. The standard 
deviations of the values of all the compositions were significantly high, probably because all 
the samples broke during the cold drawing process, which usually leads to high, though non-
significant, scattering of the results obtained. 
Figure 8d shows the impact strength values of the blends as a function of the PA6 
content. As can be observed, both PAs and their blends show low impact resistance values, 
with a slight negative deviation from the simple rule of mixtures. This is because polyamides 
are very crack-sensitive materials 77-79; hence, notched specimens show brittle fracture in 
high-speed deformation tests such as impact tests.   
34 
 
Negative deviations in impact resistance have often been observed in miscible polymer 
blends 18, 67, 69-72 and, in many cases 67, 69, 71-72, they have been attributed to the densification 
of the amorphous phase – more specifically, to the loss of free volume. Thus, it can be stated 
that in PA6/PA410 blends the positive deviation observed in the density is responsible for 
the impact strength behaviour. 
Furthermore, in crack-sensitive materials such as nylons, it has been proposed 18 that 
the presence of weak points within the material (such as spherulite boundaries, nodes and 
interlamellar regions18, or even a partially miscible component 70) could ease crack initiation 
and propagation, thus reducing the impact performance of the blends with respect to the one 
of pure components. 
CONCLUSIONS 
Blending offers an effective way of tuning the physical properties of polymers. In this 
work, we have systematically studied the miscibility, crystallization structure, morphology, 
and mechanical properties of PA410 and PA6 blends covering the entire composition range. 
The blends exhibited only one Tg in between the Tg of the individual neat polymers, which, 
together with the PLOM observation indicated complete miscibility in the amorphous phase 
and no macroscopic phase separation. DSC and WAXS results indicated that a fraction of 
the PA6 chains cocrystallized within the PA410 unit cells when the fraction of PA6 was less 
than 50%. For the blends containing a majority fraction of PA6, separate crystallization of 
PA6 rich and PA410 rich phases was favored. The mechanical properties of the blends, such 
as Young’s modulus, strain at break, and impact strength changed with composition locating 
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